The phylogeny of butterflies, Parnassius stubbendorfii and P. glacialis, collected at various localities in the Japan archipelago and the eastern part of the Asian continent was analyzed using mitochondrial DNA sequences coding for NADH dehydrogenase subunit 5 (805 bp). The molecular phylogenetic trees revealed that P. glacialis and P. stubbendorfii diverged from a common ancestor, and then the populations inhabiting the Japan archipelago and the Asian continent diverged in each species. The reliability of these divergences was supported by high bootstrap values. The divergences within the Japan archipelago and within the Asian continent in each species were unclear because of low bootstrap values. The genetic distance and a rough time-estimation in the UPGMA tree suggest that the both populations of P. glacialis and P. stubbendorfii may have been isolated in the Japan archipelago at the early time (about 1.7-2.0 Mya) of the glacial period in the Pleistocene. The genetic distance between the Japanese and the continental subspecies may be large enough that they can be classified as different species, in comparison with the genetic distances among some other parnassian species.
INTRODUCTION
Parnassian butterflies Parnassius glacialis and P. stubbendorfii belong to Papilionidae (Parnassinae). All parnassian species inhabit arctic or mountainous area of the Northern Hemisphere, and have morphological characteristics that were suggested to be primitive (see reviews Nemoto and Inomata, 1994; Weiss, 1999) . They fly slowly and do not migrate, and are therefore readily isolated as small groups in various areas, which has been producing geographical variations in wing patterns or subspecies. These variations have been strongly driving investigators to elucidate the phylogenetic relationships among the geographical groups.
Three parnassian species, P. eversmanni, P. glacialis and P. stubbendorfii, inhabit Japan. P. eversmanni inhabits only the Taisetsu mountains of central Hokkaido in Japan, and Far East Siberia and Alaska. P. glacialis inhabits mountainous areas of Shikoku, Honshu, Sado island and southern Hokkaido in Japan (ssp. glacialis), and a large area to the south of the Huang river in China (ssp. tsingtanus) (Figure 1 ). P. stubbendorfii inhabits mountainous areas of Hokkaido and Sakhalin in the Japan archipelago (ssp. hoenei), and a large area of the Asian continent to the north of the Huang river, the east of the Altai mountains, and west of the far eastern seaside, which includes northern China, the Korean peninsula, Mongolia and Siberia ( Figure 1 ). As for P. stubbendorfii in the Asian continent, many subspecies have been described by taxonomists. P. glacialis and P. stubbendorfii have similar morphological characteristics except for hair color of their bodies. They have essentially the same wing patterns. The question how and when these two species formed the present distribution in the Japan archipelago has long been unanswered.
One of the methods to answer the question is using nucleotide sequences of mitochondrial DNA and analyzing the phylogeny of the butterflies at various localities. We previously showed that mitochondrial NADH dehydrogenase subunit 5 (ND5) gene is valid for revealing the molecular phylogeny of the papilionid butterflies at low taxonomic levels (Yagi et al., 1999) . In the present study, we show the phylogenetic relationships among P. glacialis and P. stubbendorfii collected at various areas in Japan and East Asia based on the ND5 nucleotide sequences, and discuss the process for establishing the present distribution of these species in Japan.
MATERIALS AND METHODS
All butterflies were collected by the authors or supplied by Japanese entomologists (Figure 1 and Table 1 ). The butterflies collected in Japan, Korea and Sakhalin were stored in ethanol, and those collected in other areas were kept as dried specimens. DNA was extracted from muscles of the thorax or legs with the method described previously (Yagi et al., 1999) . The mitochondrial NADH dehydrogenase subunit 5 (ND5) gene was amplified by the polymerase chain reaction (PCR). The nucleotide sequences (805 bp) of the PCR products were directly determined with the DyeTerminator Cycle Sequencing FS Kit by an automated DNA sequensor 373A (PE Applied Biosystems). The primers for the PCR and the nucleotide sequencing were described previously (Yagi et al., 1999) . The nucleotide sequences of the samples were edited and aligned by the YooEdit (version 1.63) or MacClade (version 4.0) software packages.
The phylogenetic trees were constructed with the neighbor-joining (NJ), maximum-likelihood (ML) methods and unweighted pair-group methods using an arithmetic average (UPGMA), and the PHYLIP software package version 3.572c (Felsenstein, 1993) . Genetic distances in NJ and UPGMA methods were calculated by the Kimura's twoparameter method. The transition/transversion ratio was fixed at 2.0. The confidence level of branching in the phylogenetic trees (NJ and UPGMA) was evaluated with the bootstrap test based on 100 resamplings (Felsenstein, 1985) . The bootstrap test was not done in the ML tree because enormous calculation time is required.
The phylogenetic tree was also constructed using the most parsimonious (MP) method of the PAUP (version 4.0b4a) software package (Swofford, 1998) . The bootstrap test based on 100 resamplings was performed with the full heuristic search, and a 50% majority-rule consen- sus tree was obtained. For NJ, ML and MP methods, Parnassius apollo was used as the outgroup species. The nucleotide sequences of the ND5 gene of these butterflies were registered in the DDBJ/GenBank/EMBL database (Table 1) .
RESULTS
Throughout the ND5 nucleotide sequences used, neither deletions nor insertions were required for multiple sequence alignment. The G +C content was 17.72 ± 0.28 Table 2 . The G +C content of the sequences, and the pair-wise distance and difference among the sequences from the subspecies of P. stubbendorfii and P. glacialis (S.D.) on average and nearly constant in all samples (Table  2) . Most nucleotide substitutions were found at the codon silent positions. Multiple substitutions were corrected by Kimura's formula (1980) . These results suggest the lack of apparent effects of the base composition bias and multiple nucleotide substitutions on the phylogenetic trees. The pair-wise genetic distances calculated using Kimura's two-parameter method and the percentages of nucleotide number differences in the sequences among representative samples are also shown in Table 2 . The distances between any two samples collected within the Japan archipelago or within the Asian continent were too small to show reliable phylogenetic relationships in both species. The distances between the samples collected in the Japan archipelago and those collected in the Asian continent were able to show reliable phylogenetic relationships.
The analyses by the NJ and UPGMA as well as the ML and MP methods yielded trees with essentially the same topology. Thus, the phylogenetic trees except for the ML tree are shown in Fig. 2 . In general, two samples with genetic distances higher than 0.02 (Table 2) showed a bootstrap value higher than 90 at their branching points in the trees. Partial discrepancies among these trees were found at branching points with low bootstrap values. Since the effect of various factors affecting the neutral molecular clock are thought to be kept minimum in the present study, the UPGMA tree was used for estimation of divergence time.
DISCUSSION
Phylogenetic trees All phylogenetic trees (Fig. 2) show that P. glacialis and P. stubbendorfii diverged from a common ancestor species, and then the populations inhabiting the Japan archipelago (including Sakhalin) and the Asian continent diverged in each species. The reliability of these divergences is supported by high bootstrap values in all trees. However, the divergences of the individuals within the Japan archipelago or within the Asian continent are not reliable because of low bootstrap values. Only a few base differences in the sequences were found among the individuals within the Japan archipelago or within the Asian continent in the both species (Table  2 ). In P. stubbendorfii, many subspecies were described in the continent, but differences in ND5 sequences among the subspecies were unexpectedly too small to distinguish these subspecies. Genes with higher evolutionary rate should be used for analyzing the reliable phylogenetic relationships among these geographical groups.
Evolutionary Rate of ND5 in Parnassian Butterflies P. glacialis and P. stubbendorfii inhabiting the Japan archipelago, ssp. glacialis and ssp. hoenei, respectively, are distinct from the continental subspecies in the phylogenetic trees. In both species, the Japanese and the continental subspecies diverged at almost the same time in the UPGMA tree (Fig. 2b) . If the evolutionary rate of ND5, as determined by the evolution of carabid ground beetles, Kimura's 0.01D=3.6 million years (Su et al. 1998 , Osawa et al., 1999 , is applied to the butterflies, the divergence time of the continental and Japanese subspecies is presumed to correspond to about 9 million years ago (Mya). This estimation is less reliable because the average G +C content of Carabina is significantly higher (21 ± 1.0%) than that of the butterflies.
We propose another time estimation in this study. If the simultaneous radiation of parnassian species (Omoto et al., in press ) is settled at the period of the uplift of the Tibetan plateau, 3.5-4.5 Mya (Zheng et al., 2000) , the evolutionary rate 0.01D corresponds to about 0.75 million years. This estimation is supposed to be more reliable, because the divergence times of some subspecies of another butterfly, Papilio bianor, inhabiting the Ryukyu islands are consistent to the geohistorical times of the island formation using this evolutionary rate (manuscript in preparation). The divergence time of the continental and Japanese parnassian subspecies is estimated to be 1.7-2.0 Mya (late Pliocene or early Pleistocene).
Parnassian Biogeography Deduced from the UPGMA Tree and Geohistory The paleomagnetic evidence indicates that the ancient Japan area split about 15 Mya (Miocene) from the eastern periphery of the Eurasian continent, followed by separation into the northeast and southwest Japan arcs as a consequence of the double-door opening of the Sea of Japan (Otofuji et al., 1991 (Otofuji et al., , 1994 . After this event, the proto-Japanese Islands became the archipelago as a result of successive submergence and upheaval, and the proto-form of the Japan archipelago was established about 5 Mya (Pliocene). About 2 Mya (late Pliocene or early Pleistocene), the Japan archipelago was subjected to the glacial era. The Yellow Sea and the Korea-Tsushima channel became the land that connected the southwest area of the archipelago to the continent, and also the Tatar and the Soya channels became the land that connected the northeast area of the archipelago to the continent . At that time, the populations of P. glacialis and P. stubbendorfii are supposed to have immigrated from middle China and from Siberia, respectively (1.7-2.0 Mya), and thereafter, they have been isolated in Honshu-Shikoku and in Hokkaido-Sakhalin regions, respectively. By several eustatic changes in sea level during the glacial era (2-0.01 Mya, Pleistocene), the Japan archipelago connected to and separated from the continent several times (Oshima, 1990 , Matsui et al., 1998 . At the Last Glacial Maximum (0.02 Mya) in the late glacial era (0.15-0.01 Mya), the southwest area connected only to the Korean peninsula with a narrow landbridge, and the northeast area connected to the continent with the Tatar land-bridge. As some P. stubbendorfii may have immigrated from the continent to Sakhalin at that time, analyzing more butterflies in northern Sakhalin is required. In the Korean peninsula, no P. glacialis but P. stubbendorfii has been distributed, but P. stubbendorfii did not immigrate to the Japan archipelago at that time, probably because of the too warm climate of southwest Japan.
Parnassian Species and the Genetic Distances
The genetic distances between the Japanese and each of the continental subspecies are very large in P. glacialis and P. stubbendorfii (Table 2 ). The distances are larger than the distances between some other parnassian species, for example, between P. bremeri and P. phoebus, and between P. epahphus and P. nomion (Omoto et al., in press ). This suggests that the Japanese and continental subspecies may be classified as different species although their wing patterns are quite similar and crossbreeding has not been tested, and also suggests that the rate of wing-pattern evolution is enormously variable among parnassian species.
